Purpose Investigate in what extent sperm transcriptome of infertile men is different from that of fertile individuals. Methods Semen samples were collected for determination of sperm parameters as well as for RNA isolation. Gene expression profile was investigated in spermatozoa of 8 infertile and 3 fertile men by microarray analysis using the Affymetrix Chip HG-U133 Plus 2.0.
Introduction
Approximately 15% of the couples worldwide have fertility problems with a male factor found in 45% of the cases. Multiple factors are known to impair spermatogenesis: exposure to environmental disruptors, genetics, testis pathologies, lifestyle [1, 2] .However, about two-thirds of the cases of non-obstructive spermatogenic defects with apparently normal semen quality remain unexplained, suggesting that other factors have to be investigated. It is now established that mature spermatozoa contain a complex panel of transcripts [3, 4] . Some studies showed that these transcripts have a crucial role to play in normal spermatogenesis [5] [6] [7] [8] [9] [10] . We suspect inappropriate gene expression in developing male germ cells to have a negative effect on spermatogenesis. Here, we investigated transcripts in Capsule Sperm transcriptome is altered in oligozoospermia.
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We analyzed and compared the whole transcriptome profile of oligoasthenoteratozoospermic sperm patients to normal fertile men to understand gene expression deregulation associated with oligoasthenoteratozoospermia.
sperm of oligozoospermic infertile men (n=8) as compared to that of normospermic fertile men (n=3) in order to detect any difference that could provide new insights in the molecular events happening during physiological and pathological spermatogenesis. As a recent study has identified a series of human sperm transcripts as candidate markers of male fertility [5] , we compared our results to these data.
Material & methods

Patients
Human spermatozoa samples were collected from patients consulting for infertility. Semen samples parameters were assessed according to the WHO criteria (1999) . Normal semen were obtained from healthy men of proven fertility (sperm counts >20 million spermatozoa/ml), n=3 and oligozoospermic infertile men seek for infertility counseling (sperm counts <20 million spermatozoa/ml), n=8. These patients were screened for known causes of infertility including chromosome anomalies, Y chromosome AZF deletions. The studied individuals had normal caryotype, clinical examination (no varicocele, infection or other reversible cause of infertility was found) and hormonal profile (FSH: 1.0-10.5 IU/L, LH: 0.7-8.0 IU/l, Testosterone: 3.0-10.0 ng/ml, Inhibine B: 80-400 pg/ml, Oestradiol: 22-49 ng/l, Prolactin: 2-15 ng/ml).
RNA purification
Semen samples were collected by masturbation after 3-4 days of sexual abstinence. After liquefaction at 37°C, spermatozoa were selected and separated from somatic cells by centrifugating 1 to 2 ml of semen through a two-layer (45% and 90%) gradient of Percoll at 400 g for 20 min. The fraction in the 90% layer was washed in 2 ml of Tyrode and the tube was centrifuged at 400 g for 10 min. The pellet was collected with extreme care to avoid any somatic cells contamination and was subjected to mini swim-up modified technique. Total RNA was extracted from spermatozoa isolated by mini swim-up using TRIzol® reagent according to the manufacturer's instructions (Life Technologies, Gaithersburg, MD, USA). The purified RNA samples were subjected to RNAase-free DNAse treatment (TURBO™ DNase, Ambion Inc). The purity and integrity of the total RNA preparation was verified using both the eukaryote total RNA nano-chip (Bioanalyzer 2100, Agilent Technologies, France) and Reverse Transcription PCR using the one step RT-PCR kit (Qiagen®) according to the manufacturer's recommendations.
Microarray data analysis
As small amounts of RNA were recovered after purification (10 to 100 ng), the RNA samples had to undergo Affymetrix two-step amplification protocol (along with two universal RNA samples as amplification internal controls) before microarray analysis (Affymetrix, HG-U133 Plus 2.0). The transcription profile in sperm of infertile men was compared to that of fertile individuals.
Quality control assessment, chip normalization, and filtering
The quality of the expression distribution at the probeset level between chips was evaluated by using the Relative Log Expression (RLE) and standard quality metrics (3'/5' atios, hybridization and labeling quality metrics). Microarray data from CEL files for all 11 chips was normalized simultaneously and expression levels were generated using RMA from Expression Console (Affymetrix, Santa Clara, CA). The normalized data was filtered for low-expressed probesets. Only transcripts with a mean signal ≥5.5 were retained for further analysis.
Statistical analysis of microarray data
Differentially expressed transcripts were identified by both Anova (p-value≤0.05) and unpaired T-Test (p-value≤0.05 and fold-change ≥1.5).
Clustering of microarray data and functional analysis of microarray data
Hierarchical clustering was carried out to cluster among the gene signal intensities and among the samples with Mev4.0 software from TIGR (The Institute of Genome Research). Finally, the functional analyses were generated through the use of PANTHER [11, 12] .
Quantitative RT-PCR
Microarray results were confirmed by quantitative RT-PCR. A total of 2.5 ng of RNA samples were reverse transcribed using SuperScript® VILO™ Master Mix following the manufacturer's recommendations. RT-PCR results were normalized to one reference gene: SAP130 that was found by microarray analysis to be consistently expressed in spermatozoa of both fertile and infertile men. The selected genes were among the most regulated when comparing oligozoospermic to normospermic men (TPD52L3, PRM2, JMJD1A and NIPBL). Reactions were prepared using both QuantiTect Primer Assay and QuantiTect SYBR Green PCR Kit according to the manufacturer's recommendations and were run in duplicates in ABI 7900HT fast real time PCR system machine.
Results
Patients and RNA samples
Sperm parameters of the investigated patients are summarized in Table 1 . The purity of these samples was estimated by RT-PCR using protamine-2 specific primers [13] that produce a 310 bp in samples containing genomic DNA (not shown). The reverse-transcribed cDNA amplicon is 148 bp long. Obviously, samples containing genomic DNA were rejected from the study. 20 samples (5 normospermic fertile and 15 oligozoospermic infertile samples) were originally selected for this study. The integrity of the RNA samples was assessed by the Agilent 2100 Bioanalyser. However, only 11 (3 normospermic fertile and 8 oligozoospermic infertile samples) have passed the RNA integrity quality control.
Microarray results
The Affymetrix, HG-U133 Plus 2.0 ChiP enabled us to investigate of the expression level of over 47,000 transcripts in human sperm. We detected the presence of 5,382 transcripts in our sperm samples. Transcripts expression level in spermatozoa is quite homogeneous within the two populations (Normospermic fertile and oligozoospermic infertile) ( Fig. 1a and b) . The correlation coefficients (r 2 ) for the transcripts levels detected in 3 fertile and 8 infertile men are depicted in Fig. 1c . r 2 range from 0.79 to 0.82 and from 0.66 to 0.92 in the fertile and the infertile group, respectively. However, the correlation scores are lower when the infertile individuals are compared to the fertile ones (0.38≤r 2 ≤0.66). This observation suggests that the transcripts found in spermatozoa are not equally expressed in infertile and fertile men (Fig. 1c) .
157 transcripts proved to be either up-or down-regulated in sperm of oligozoospermic infertile men as compared to normospermic fertile individuals. These 157 transcripts are a part of a series of biological processes (I-Protein-lipid modification II-mRNA transcription III-Spermatogenesis and motility IV-Protein targeting and localization, Phospholipid metabolism V-Nucleoside, nucleotide and nucleic acid metabolism) and molecular functions (1-RNA helicase 2-mRNA processing factor 3-Helicase 4-Chaperone 5-mRNA splicing factor 6-Nucleic acid binding 7-Transmembrane receptor regulatory/adaptor protein), which, according to our data are seriously disturbed in infertile men. The combined expression data of all transcripts grouped by fold difference and fertility status is depicted in Fig. 2a . About 83% of the regulated genes are at least two-fold down-regulated in germ cells of infertile patients (Fig. 2a) . We observe up to 42.96-fold reduction in expression of genes involved in spermatogenesis, sperm motility and germ cells anti-apoptotic process (PRM2, SPZ-1, SPATA-4, MEA-1, CREM). Furthermore, there is an important decrease in expression (15.12 and 16.36-fold) of genes involved in DNA repair (NIPBL) as well as oxidative stress regulation (PARK7). We also note a striking drop (up to 29-fold) in expression of histone modification genes expression (DDX3X, JMJD1A) (Fig. 2b) .
Only 17% of regulated genes are over-expressed in infertile men as compared to the controls (Fig. 2c) . However the folds are considerably less important and range from 1.51 to 4.08. Some of these up-regulated genes encode for proteins with an oxido-reductase activity or involved in response to oxidative stress process and abortive spermatogenesis (ADH4, HSD17B7, CYGB and NXNL1). Surprisingly, LMNA, an important gene for spermatogenesis is 1.7 fold up-regulated in germ cells of infertile men (Fig. 2c) .
Further pathway analysis revealed that transcripts encoding components of ubiquitin proteasome pathway (PSMD8, UBE2E3, UBE2V1: p=1.08.10 
Discussion
Male factor infertility represents about 45% of infertility cases in northern countries. Multiple factors such as exposure to environmental disruptors, genetics, testis pathologies, lifestyle [1, 2] can alter male germ cells development at various levels, leading to abortive spermatogenesis. It has recently been shown that transcripts levels in spermatozoa are altered in defective spermatogenesis cases [8] [9] [10] . An association was found between gene expression in spermatozoa and teratozoospermia [6] . The current study represents an attempt to associate gene expression deregulation with oligozoospermia. Microarray results, validated by quantitative RT-PCR, showed that infertile oligozoospermic men display a major alteration of gene expression profile when compared to fertile individuals. Interestingly, a large proportion of down regulated genes in infertile men are involved in germ cells development: SPZ1, CREM, MEA1, SPATA4 [14] [15] [16] . During mammalian spermatogenesis, the chromatin structure undergoes substantial condensation. The key role in this process is played by protamines 1 and 2. It is now known that a reduction in levels of PRM2 leads to asthenozoospermia [17] and probably to spermatogenic failure [18] , which is in line with our results. Indeed, we observe a 25-fold down-expression of PRM2 in infertile men who also have a reduction in sperm motility. JMJD1A, involved in histone modification and essential for spermatogenesis [19] , turned out to be 17 fold down-regulated in spermatozoa of infertile men. Furthermore, A-type lamin (LMNA) that is an important determinant of male fertility in mice [20] is slightly (1.7-fold) up-regulated in sperm of infertile men. However, the fold is very small and calls into question the significance of this observation. We compared our data to the population transcripts that were previously identified as candidate markers of male fertility [5] . We found 90% (389) of these transcripts consistently expressed in our sperm samples. The 40 transcripts that were not detected in our study are summarized in Table 2 . 2% [9] of the transcripts consistently detected above background in both 24 control men and in our cohort proved to be either up or downrepresented in our infertile subjects. Gene identification, regulation, fold changes, and the involvement of these 9 transcripts in spermatogenesis are summarized in Table 3 . TPD52L3 (Tumor ProteinD52-like 3) was found to be 32-fold down regulated in infertile men. This gene is thought to play a role in testis development and spermatogenesis [21] . Moreover, a 14-fold down-expression is observed in AKAP14 (A kinase [PRKA] Anchor Protein 14), which encodes a protein that plays a role in human ciliary axoneme beat frequency. AKAP14 is expressed in human sperm and is likely involved in sperm motility [22] . This observation fits with the fact that sperm motility is reduced in infertile men. Moreover, the expression of DNAJB8 (DnaJ [Hsp40] homolog, subfamily B, member 8) is 12-fold reduced in infertile men. DNAJB8 is a heat shock binding protein that regulates the ATPase activity of Heat Shock Protein 70 (HSP70). The latter protects male fertility status thanks to its crucial role in both germ cells differentiation and completion of spermatogenesis [23, 24] .
Further pathway analysis showed that ubiquitin proteasome pathway is seriously perturbed in sperm of our infertile group. This observation fits with a previous study showing similar difference in teratozoospermic men [6] . De novo purine synthesis pathway also proved to be disturbed in infertile men. We hypothesize that purine synthesis defect may alter DNA synthesis and thus mitosis in spermatogonia leading to abnormal spermatogenesis.
Due to the cost of the technology we had to limit the number of samples analyzed. However, we observed that male infertility associated with low sperm counts is accompanied by a massive down-regulation of a series of transcripts involved in spermatogenesis. During spermatogenesis, inappropriate expression of genes involved in germ cells development could lead to an alteration of semen characteristics (sperm counts, motility, morphology, vitality) and in a larger extent fertilization, oocyte activation and embryogenesis [25] [26] [27] . However, one question remains unanswered: what is the reason for this difference in gene expression in germ cells of infertile men as compared to fertile ones? As transcriptional disorder is common within infertile men, we exclude the possibility of a genetic cause and we hypothesize that environment, though epigenetic marks could play a key role in this problem. Recent studies have shown that infertile men, with low sperm counts, are more likely to bear methylation abnormalities in their germ cells than fertile men [28] [29] [30] [31] [32] . It is possible that DNA methylation, which is a key regulator of transcription, could contribute to gene expression discrepancy in developing spermatozoa leading to abnormal semen parameters (low sperm counts, low motility, poor morphology and vitality). Analyzing the methylation profile of oligozoospermic men as compared to normospermic individuals in regards to our data may help in the understanding of the transcriptional perturbations seen in spermatozoa of infertile men. It is known that sperm transcritpts are transmitted to the embryo and may have a role to play in early embryogenesis [5-7, 23, 24, 33] . Could alteration of gene expression in spermatozoa of infertile men also have an effect on embryo development? Further investigations are needed to clarify this issue.
